ABSTRACT
INTRODUCTION
The reference crop evapotranspiration (ET o ) constitutes the major factor for the accurate estimation of the crop water requirements, which are essential in irrigation planning, scheduling, hydrologic balance studies and watershed hydrology. Many methods have been proposed for the estimation of ET o , based on the energy budget approach, such as the corrected FAO-24 Blaney-Criddle method [1] , the Priestley-Taylor method [2] , the corrected FAO-24 Penman method [3] , the Shuttleworth and Wallace method [4] , the Hargreaves method [5] , the FAO-56 Penman-Monteith method [6] and the ASCEstandardized Penman-Monteith method [7] . Numerous of empirical linear and non-linear equations have also been developed but with restricted validity at regional scale. The FAO-56 Penman-Monteith constitutes the most popular methodology in agricultural studies and the ASCEstandardized Penman-Monteith method was recently presented as an improvement of this by the ASCE-EWRI Task Committee [7] .
Significant efforts for the correct estimation of ET o under the Greek environmental-meteorological conditions have been carried out by several researchers, which they focused on comparisons and sensitivity analysis between the aforementioned methods, their parameters and their calculation time step [8] [9] [10] [11] . Additional studies have been performed for the development of new methodologies for the estimation of ET o using empirical equations such as the "Copais model" [12] or equations based on Penman formula with reduced parameters [13] .
A different approach for ET o estimation is the use of pan evaporation measurements (E pan ) and pan coefficients (k p ). The k p is obtained as a constant value adjusted to specific environmental conditions [6] or as equations [14, 15] . The use of E pan measurements and k p coefficients has the advantage of the low cost equipment, while it has the disadvantage of the k p calibration and the frequent visits for the preservation of water level and clarity versus the agro-meteorological stations.
The objective of this study is to compare and evaluate different equations for the pan coefficient k p using Class-A pan evaporimeter measurements for the estimation of ET o during the summer crop growing season (April to October). Measurements were obtained in Thessaloniki region, which is under a semi-arid Mediterranean environment and constitutes one of the major plains for agricultural production in Greece. Due to the lack of equipment for the direct measurement of the reference crop evapotranspiration (e.g. weighted lysimeters), the method of ASCE-standardized Penman-Monteith method (ASCE-PM) calculated in hourly time step, was selected to be used as reference for the comparisons between the different k p equations. The comparison between the ASCE-PM and other popular methods such as those of FAO-56 Penman-Monteith and Hargreaves was also performed.
METHODOLOGY AND DATA

Estimation of the Reference Crop Evapotranspiration
The Methods of ASCE and FAO-56
Penman-Monteith ASCE-EWRI (2005) have proposed two reference crops, a short crop similar to a clipped-grass (0.12 m height) and a tall crop similar to a full cover alfa-alfa (0.5 m height) [7] . Considering the two reference crops, the ASCE-EWRI Task Committee revised and improved the FAO-56 Penman-Monteith (FAO56-PM) equation, presenting the new ASCE Penman-Monteith (ASCE-PM) method. The equation of ASCE-PM using daily or hourly time step for the two different cases of reference crop is given by [7] : ), C n and C d are constants, which vary according to the time step, the reference crop type (bulk surface resistance, and aerodynamic roughness of the surface) and daytime/nighttime ratio.
According to the time step and the type of the reference crop, the values of C n , C d and G are modified and the Eq.1 is referred to different methods ( Table 1) The calculation of saturation vapour pressure e s , actual vapour pressure e a , net longwave radiation R nl and soil heat flux G is carried out by different equations accordingly to the time step [6, 7] . The selected equations of e s , e a and R nl , that concern the daily calculations, were chosen after comparisons with the respective ones that concern the hourly time step calculations ( Table 1 and Appendix).
Hargreaves Method
The Hargreaves equation HG(d) [5] is calculated in a daily step and is given by:
where ΕΤ ο is the reference crop evapotranspiration (mm·d
), T mean is the mean daily air temperature (˚C), 
T min is the minimum daily air temperature (˚C), T max is the maximum daily air temperature (˚C), R a is the total extraterrestrial solar radiation (mm·d 
Epan and Pan Coefficient Equations
One of the most popular methods for the indirect ΕΤ ο estimation is through Ε pan measurements and k p coefficients adjusted to the surrounding environment and conditions (e.g. relative humidity, wind speed and windward side distance of green crop or a dry fallow).
The relationship between ΕΤ ο and Ε pan is given by the following equation [6] :
where E pan is the pan evaporation (mm·d
) and k p is the pan coefficient.
Based on literature review, the values of k p cover a range between 0.3 and 1.1, and are proportional to relative humidity and inverse proportional to wind speed [6, 14, 15] 
  
where RH is the mean daily relative humidity (%), u 2 is the mean daily wind speed at 2 m above the soil surface (in km·d −1 for the Eqs.4, 5, 6, 8 and in m·s −1 for the Eq.7) and F is the windward side distance of green crop or a dry fallow (m). For the Eq.9, X 1 = ln(F), X 2 , X 3 and X 4 are wind speed categories of 175 -425, 425 -700, and >700 km·d −1 , respectively, and are assigned values of one or zero depending upon their presence. A zero value for these variables represents a wind speed of <175 km·d −1 . Similarly, X 5 and X 6 are relative humidity categories of 40% -70% and ≥70%, respectively. Again the values of one or zero were assigned depending on their presence and a zero value for these variables represents a relative humidity of ≤40%. Table 2 .
Study Site and Measurements
Daily E pan measurements were colected using Class-A pan evaporimeter for two years (2008) (2009) ). The data describe adequately the meteorological conditions of the Thessaloniki plain, where the climate is considered as a semi-arid Mediterranean environment.
RESULTS AND DISCUSSION
Estimation and Evaluation of ET o Methods
The daily ET o for the summer growing season (April to October) was estimated using the methods presented in Table 1 . The daily ΕΤ ο values of ASCE-PM method, calculated for hourly time-step, were used as reference for the comparisons among the methods presented in Table 1 . The mean daily values of ΕΤ ο (mm·d −1 ) for each method and the transition coefficients for each one in order to be converted in ASCE-PMos(h) are given in Table 3 .
The comparisons among the methods for the short reference crop are given in Figures 1(a)-(c) , while for the tall reference crop in Figure 1(d) . The statistical tests of the coefficient of determination (R 2 ), the root mean square error (RMSE) and the mean bias error (MBE) were used for the comparison analysis [12, 21] and are given by:
Copyright © 2012 SciRes. OPEN ACCESS The results showed a relative underestimation of the calculated ΕΤ ο (relatively small values of RMSE and negative values of MBE) for all the methods compared to the daily ΕΤ ο values of ASCE-PM method in hourly time-step, for both cases of the reference crop. Considering the simplicity of the Hargreaves model, it was found a very good correspondence with the ASCEPMos(h), but it deflects for the days where the wind speed override the values of 1.5 -2.0 m·s −1 . In order to correct the results of each method using the ASCE-PM(h) as reference for the summer growing season, either the transition coefficients for each month or the regression equations from Figure 1 can be used. The ET o values of the ASCE-PM(h) for the tall reference crop were found about 10% -20% higher of those for short reference crop. The transition coefficients also allow the conversion from tall to short ET o values and the opposite.
Evaluation of Pan Coefficients Equations
The evaluation of k p selected equations (Eqs.4 to 9) was performed using as reference the ASCE-PMos(h) and the daily E pan measurements of a Class-A pan evaporimeter, which was established at F = 0.25 m from active growing crop (Figures 2(a)-(f) ). The mean monthly observed values of k p derived by the ratio ASCEPMos(h)/E pan , for the total period of April to October, were 0.7 and 0.71 for 2008 and 2009, respectively. The mean monthly k p values for the 2-years study period using the Eqs.3 up to 9 are given in Table 4 . Using the ASCE-PMos(h) for the estimation of the daily ET o and the statistical criteria of R 2 , RMSE and MBE (Figure 2 ) from the comparison analysis between the different k p equations, resulted the follow order in prediction acing [14, 15] , different predictive accuracy is observed among the aforementioned k p equations, which can be ascribed a) mainly to the different reference evapotranspiration method, which is used for the comparisons and b) secondly to the different climatic-environmental conditions. This indicates the necessity to validate these equations before their use.
CONCLUSIONS
Reference crop evapotranspiration was calculated for the irrigation period and three succeeding years using the proposed by ASCE, FAO and Hargreaves methods. Meteorological data from Thessaloniki in Northern Greece were used. ASCE-standardized Penman-Monteith method considered the reference method to evaluate the per-formance of the other methods.
Evaluation of the FAO-56 and Hargreaves methods was based on the calculation time step (hourly or daily) and their correspondence to the ASCE-PM. From the comparison between the different ET o methods a relative underestimation of the calculated ΕΤ ο was found for all the methods compared to the daily values of ASCE-PM(h), calculated in hourly time step, for both cases of the reference crop. Considering the simplicity of the Hargreaves model, it was found a very good correspondence with the ASCE-PMos(h), but it deflects for the days where the wind speed override the values of 1.5 -2.0 m·s 
